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Abstract: The purpose of this study is to demonstrate the feasibility of using polarization
maintaining photons for enhanced contrast imaging of the retina. Orthogonal-polarization control
has been frequently used in conventional fundus imaging systems to minimize reflection artifacts.
However, the orthogonal-polarization configuration also rejects the directly reflected photons,
which preserve the polarization condition of incident light, from the superficial layer of the
fundus, i.e., the retina, and thus reduce the contrast of retinal imaging. We report here a portable
fundus camera which can simultaneously perform orthogonal-polarization control to reject
back-reflected light from the ophthalmic lens and parallel-polarization control to preserve the
backscattered light from the retina which partially maintains the polarization state of the incoming
light. This portable device utilizes miniaturized indirect ophthalmoscopy illumination to achieve
non-mydriatic imaging, with a snapshot field of view of 101° eye-angle (67° visual-angle).
Comparative analysis of retinal images acquired with a traditional orthogonal-polarization fundus
camera from both normal and diseased eyes was conducted to validate the usefulness of the
proposed design. The parallel-polarization control for enhanced contrast in high dynamic range
imaging has also been validated.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Ocular diseases continue to pose a significant threat to eye health worldwide. It is projected
that around 560 million people will be affected by three major retinal diseases, namely diabetic
retinopathy (DR), glaucoma, and age-related macular degeneration (AMD) by the year 2045 [1-3].
Early detection of these diseases requires comprehensive observation of both the peripheral and
the central part of the fundus and retina, which could be achieved by using modern scanning laser
ophthalmoscopy (SLO) devices [4,5]. Despite providing ultra-wide field images, commercially
available SLO devices can be expensive, and the bulky dimension makes it challenging to deploy
in remote areas. By providing depth-resolved imaging capability of the retina, ultra-widefield
optical coherence tomography (OCT) has been also explored for clinical management of eye
diseases [6]. However, the sophisticated ultra-wide field OCTs are also expensive and bulky,
limiting their applications for clinical management and telemedicine. The majority of people
worldwide who are blind or have moderate to severe visual impairment reside in low- and
middle-income countries [7]. A significant portion of that could have been prevented by screening
programs that utilize fundus imaging. Therefore, developing cost-effective, portable wide-field
fundus imaging devices is imperative as we implement screening programs for DR, AMD,
glaucoma, and other potentially blinding eye conditions.

Several commercial portable fundus cameras are already being used by clinicians. Despite
being portable and affordable, the field of view (FOV) of these devices is typically around 45°-
67.5° eye-angle (30°- 45° visual angle) [8], making them difficult to access the peripheral retina.
To facilitate the visualization of the peripheral retina, miniaturized indirect illumination based
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portable fundus cameras were proposed [9—11]. The FOV of these nonmydriatic devices is around
101° eye-angle (67° visual angle) and could be extended up to 190° eye-angle (134° visual angle)
with the aid of fixation targets. Both traditional and miniaturized indirect illumination based
portable fundus cameras use the pupillary path for illumination and imaging. The ophthalmic lens
used in these systems reflects a significant amount of light back into the system, creating reflection
artifacts in the image. To remove these artifacts, orthogonal polarizers are placed between the
illumination path and the imaging path [10]. In addition to removing the back-reflected light from
the ophthalmic lens, this configuration removes the reflected and scattered light from the retina
which partially maintains the polarization state of the illumination. Therefore, the retinal image is
predominated by multiply scattered photons. Van de Kraats et. al. [12] calculated that about 90%
of the reflected light from the human fundus in mid-spectral range (480 nm-580 nm) originates
from the photoreceptor outer segment (OS) layer, and a significant portion of that light partially
maintains its polarization state. While the specific values vary in different publications, there is
no doubt that a large portion of the light in the green and blue region of the spectrum reflected
from the retina preserves the polarization state of the input, and this decreases with the increase of
wavelength [13,14]. Crucially, the green and blue spectrum of light is needed to clearly visualize
the retinal vasculature and the biomarkers of most retinal diseases [15]. Therefore, eliminating
polarization maintaining photons with orthogonal polarizers indeed disproportionately reduce
the information content in the green channel, eventually reducing the image contrast and the
useful information regarding critical retinal disease biomarkers.

In this article, we present a portable fundus camera with orthogonal-polarization control for
rejecting the back-reflected light from the ophthalmic lens, and parallel-polarization detection of
the specularly reflected or backscattered light from the retina which fully or partially maintains
the original polarization state that goes through to the sensor to provide high contrast fundus
images. Miniaturized indirect illumination is implemented to achieve a FOV of 101° eye-angle
(67° visual angle). The resultant images show inner retinal pathology and biomarkers more
clearly, compared to images taken with a conventional fundus camera, which would aid clinicians
to detect retinal diseases more efficiently.

Traditionally, the visual angle has been the unit of FOV measurement for fundus cameras.
Recently, widefield fundus imagers, such as Optomap SLO (Optos Inc., Marlborough, MA, USA),
ICON (Neolight, Pleasanton, CA, USA), and Retcam (Natus Medical Systems, Pleasanton, CA,
USA) use eye angle as the unit of FOV. To avoid unnecessary confusion, both eye and visual
angle are presented every time the FOV of the system is discussed [16].

2. Materials and methods

2.1. Experimental setup

Figure 1(a) illustrates the optical diagram of the proposed system. The light source (LS) and
the camera lens (CL) (8 mm /2.5 micro video lens, 58-203, Edmund Optics Inc., Barrington,
NJ) are placed in a perpendicular plane, we call this the CL-LS plane. The detailed diagram of
this plane is illustrated in Fig. 1(b). The CL-LS plane is conjugated to the pupil plane of the eye
with a magnification of 0.25X with the help of the ophthalmic lens (OL) (f =25 mm) (Volk 40D,
Volk, Mentor, OH, USA). Since the diameter of the pupil is ~ 4 mm in room light conditions, the
camera lens and the light source must be situated inside a 16 mm diameter circle in the CL-LS
plane, otherwise, the light source would be blocked by the iris and no light will go inside the
retina. Figure 1(b) shows that the light source and the camera lens are well within this limit. The
light source is composed of two separate LEDs, an 810 nm NIR LED (M850LP1, Thorlabs Inc.,
Newton, NJ, USA) for guidance during initial alignment and a visible light LED with a center
wavelength of 565 nm (M565D2, Thorlabs Inc., Newton, NJ, USA) for color fundus imaging.
This visible light LED has a relatively wide bandwidth (full width at half maximum of 104 nm)
stretching from the blue region of the light spectrum to the red end of the spectrum, which has
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been proven to comprehensively show retinal vasculatures and the disease biomarkers of most
common retinal diseases [15]. There is a buffer between the camera lens and the light source of
about 5 mm, which ensures the reflected light from the corneal surface doesn’t enter the imaging
path [17]. Linear polarizers LP1 and LP2 (LPVISE050-A, Thorlabs Inc., Newton, NJ, USA) are
placed in front of the LS and CL to reject the back reflected light from OL. A quarter waveplate
(QW) (90-940, Edmund Optics Inc., Barrington, NJ) is placed in front of the OL with its axis 45°
angled with the transmission axis of LP1 and LP2 to convert the linearly polarized input light to
circularly polarized one. After the light reaches the retina, an image is constructed at the retina
conjugate plane (RCP) and is relayed to the sensor (CS) (FL3-U3-120S3C-C, FLIR Integrated
Imaging Solutions Inc., Richmond, Canada) by the CL. To minimize the effect of eye movement
and select the region of imaging, a dimly lit external fixation LED was used (not shown in the
optical diagram). An imaging session with functional prototype is shown in Fig. 1(c). The
FOV of the system is calculated following the steps mentioned in the ISO standard “Ophthalmic
Instruments—Fundus Cameras” (10940: 2009) [18].

LS (565 nm) Ls (810 nm)

D2=3.2mm
D1=16 mm

(b)

LP1

e
it he e

LP2

Fig. 1. (a) The optical diagram of the system. (b) Detailed layout of the CL-LS plane. (c)
Photographic illustration of the imaging operation. (d) Schematic illustration of polarization
states of illumination and imaging light paths in the system with orthogonal-polarization
control. (e) Schematic illustration of polarization states of illumination and imaging light
paths in the system with a QW between the eye and OL to preserve polarization maintaining
photons for fundus imaging. CS: camera sensor; CL: camera lens; LS: light source; LP1-LP2:
linear polarizers; OL: ophthalmic lens; RCP: retina conjugate plane; QW: quarter waveplate.

The performance of the optical system is illustrated in Fig. 2. The spots from 0° to 33.5°
visual fields are plotted, verifying the FOV to be 67° visual angle (101° eye angle). The
root-mean-square (RMS) spot radii is 1.78 um at 0° visual field which gradually increases to
14.44 ym at 33.5° visual field. From the modulation transfer function (MTF) plot in Fig. 2(b),
it is observed that ~730 cycles/mm can be resolved at all field angles. An MTF of over 0.3 is
considered clearly recognizable [19]. For our design, the special frequency values are 44, 71,
190, and 300 cycles/mm at 33.5°, 20°, 10°, and 0° visual fields when MTF is greater than 0.3.
According to the requirement specified in ISO 10940:2009(E) standard, for a fundus camera with
a FOV greater than 30°, the minimum resolving power should be 60, 40, and 25 cycles/mm for
the center, middle and peripheral fields, respectively. It is evident that the performance of the
system is well within the requirement specified by the ISO standard.
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Fig. 2. (a) The spot diagram for different field angles. (b) The modulus of the optical
transfer function vs Spatial frequency graph for different field angles.

2.2. Preservation of the polarization maintaining photons reflected from the retina

The human retina consists of multiple functional layers and the reflected light from the retina is
a complex combination of the specularly reflected, diffusely reflected, and multiply scattered
light coming from these layers. Out of these different layers, the photoreceptor OS layer is
regarded as the primary layer responsible for specular or directional reflection which maintains
its polarization state [12,20,21]. As the light goes deeper than the OS layer and into the retinal
pigment epithelium (RPE) and the choroid, it becomes depolarized because of dense scatterers
with variable sizes present in those layers.

Figure 1(d)-(e) explains the theory of preserving the polarization maintaining light reflected
from the retina in our setup. Figure 1(d) shows a conventional setup that works in the orthogonal-
polarizing configuration. The light from the light source (LS) goes through a linear polarizer
(LP1) and becomes linearly polarized (blue arrows showing the direction of polarization). A
portion of this light reflects from the ophthalmic lens (OL) towards the camera lens (marked
in red arrows) and gets blocked by the linear polarizer LP2. The light that goes through the
ophthalmic lens enters the retina, and the polarization maintaining photons (marked as brown
arrows) along with depolarized photons (marked as green arrows) come back into the imaging
system. The polarization maintaining photons are blocked by the orthogonal polarizer (LP2),
and the depolarized photons with the polarization direction of LP2 would primarily contribute to
the image formed at the image sensor. It should also be noted that, because of the birefringence
property of the retina, some photons will change their polarization direction slightly and contribute
to the image formation along with the aforementioned multiply scattered photons. Although the
artifacts from the ophthalmic lens back reflection are rejected, there would be a significant loss
of information as the polarization maintaining light is rejected.

Figure 1(e) illustrates our method of preserving the polarization maintaining photons coming
from the retina. As we can see, a quarter waveplate is placed in between the ophthalmic lens
and the lens of the eye, and the axis of the waveplate is fixed at 45° relative to the polarizer’s
axis. Linearly polarized input light goes through the quarter waveplate and becomes circularly
polarized light before entering the retina. Inside the retina the circularly polarized light goes
through the almost transparent inner-retina and the first significant reflector faced by the circularly
polarized light is the photoreceptor OS layer [12]. The reflection from the OS is specular or
directional in nature [20,21], therefore, the portion of the circularly polarized input light that is
reflected by it is helically flipped [22]. The remainder of the light goes into the posterior layers,
gets depolarized and reflected from the choroid and the sclera. The helically flipped output
photons (brown curved arrows) and the depolarized photons (green arrow) come back into the
imaging system. After going through the waveplate on the return path, the circularly flipped
photons become linearly polarized again, but their polarization axis aligns with the axis of LP2.
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Therefore, all these photons along with the depolarized photons which have their polarization
axis parallel to LP2 pass through to the camera sensor and create an image of the retina. The
proposed system still works as an orthogonal-polarization setup when blocking the back-reflected
light from the OL (marked by red arrows). However, for convenience, we would refer to it in the
subsequent sections as parallel-polarization control for retinal imaging since the reflected light
from the retina achieves a polarization state parallel to the polarizer in front of the camera.

Images taken with conventional orthogonal-polarization control should be dominated by
depolarized light from the outer retinal layers, and consequently, should be red dominant. Green
light is mostly reflected from the inner retinal layers which maintains polarization. Green light
that goes into the outer retinal layers gets absorbed and contributes very little in the image [13].
Image taken with parallel configuration still preserves the depolarized light reflected from the
outer retinal layers, like the orthogonal configuration, but it also preserves the reflected light from
the inner retina, providing valuable information of the disease biomarkers.

2.3. Human subjects and imaging protocol

This study was approved by the Institutional Review Board of the University of Illinois Chicago
(UIC) and followed the ethical standards stated in the Declaration of Helsinki. The subjects with
retinal diseases and the controls were recruited from the UIC Department of Ophthalmology &
Visual Sciences clinic. The recruits consented properly before participating in the experiment.
After the subjects were ready to do the imaging, the light in the room was dimmed to make sure
the pupillary diameter was equal to or above 4 mm. The patients were asked to keep looking at
the fixation target throughout the imaging session with the eye that was not being imaged. Once
the eye is fixed, NIR guidance was used to align the system with the eye without stimulating
the pupillary reflex, and once it is well aligned, the images were taken with visible light. The
exposure time of each acquisition was 50 ms, which is much shorter than the pupillary reflex
time (150 ms). After taking images with our proposed design, we removed the waveplate from
the prototype and again followed the same procedure to take comparative images. For only
one of those subjects, we also removed all the polarizers from the system and took an image
for comparison (Fig. 2). A LABVIEW interface was designed to facilitate the whole imaging
procedure properly. For high dynamic range (HDR) fundus imaging, three sequential images,
with the illumination power being doubled with each acquisition, were captured. The exposure
time was controlled to 35 ms for each image to ensure the imaging could be done within the
pupillary reflex time. The HDR image was generated from these three low dynamic range images
by a MATLAB program.

2.4. Light safety

To evaluate the safety of using the prototype, we calculated the radiant exposure on the retina for
visible light and the total permitted time for continuous operation for NIR guidance illumination.
The safety standard was provided by ISO standard “Ophthalmic Instruments—Fundus Cameras”
(10940:2009) [18], which allowed 10J/cm? radiant exposure on the retina. The optical power on
the pupil plane for visible light and NIR light was 5 mW and 0.4 mW respectively. Using the
photochemical hazard weighting function provided in the standard, the weighted irradiance of the
visible light was found, which was multiplied by the exposure time to get the radiant exposure on
the retina. According to our calculation, the radiant exposure was found to be 2.4 x 107° J/cm?,
which is deemed safe for operation. Similarly, the weighted irradiance of NIR light was also
calculated and found to be 0.06 mW/cm?. We divided the maximum permitted radiant exposure
of 10J/cm? by our weighted irradiance to find out the permitted time of continuous operation. It
was calculated that the NIR guidance could be used continuously for 46.3 hours.
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3. Results

Figure 3 illustrates fundus images of a healthy subject taken with no polarization control
(Fig. 3(a)), orthogonal-polarization control (Fig. 3(b)), and our proposed parallel-polarization
control (Fig. 3(c)). The images taken without polarization control (Fig. 3(a)) show the artifacts
due to the ophthalmic lens back-reflection.

Fig. 3. (a) A color fundus image (al) and separate red (a2), green (a3) and blue (a4)
channels of the color image taken by the system without polarization control. (b) A color
fundus image (b1) and separate red (b2), green (b3) and blue (b4) channels of the color
image taken by the system with orthogonal-polarization control. (c) A color fundus image
(c1) and separate red (c2), green (c3) and blue (c4) channels of the color image taken by our
lab prototype fundus camera.

The images taken with orthogonal-polarization control (Fig. 3(b)) and the parallel-polarization
control (Fig. 3(c)) are free from the reflection artifacts. It is evident from Fig. 3(b) that the
images with orthogonal-polarization control have poor vessel contrast in the color image and the
brightness of the green channel is low. Only the major retinal blood vessels could be seen in the
red channel image in Fig. 3(b2). Compared to that, the images in Fig. 3(c) show enhanced vessel
contrast in the color image and brightness in the green channel, painting a better picture of the
retina. The red channel image in Fig. 3(c2) shows a similar level of choroid in addition to more
details of retinal blood vessels than Fig. 3(b2). Red light can penetrate more inside the RPE and
the choroid and get depolarized. The depolarized light contributes equally to each polarization
state [23]; thus, the choroidal image is similar in both images. On the other hand, our prototype
also preserves the polarization maintaining red light reflected from the retina, which is proven
by the improved retinal vessel contrast in the red channel image. Without polarization control,
no light reflected from the retina is rejected. Nevertheless, as a major portion of the green light
reflected from the retina maintains its polarization state, the vessel contrast is similar in the green
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channel images in Fig. 3(a3) and Fig. 3(c3). Overall, the images taken without polarization
control look very similar to the images taken by our prototype, except for a slightly brighter
choroid in the red channel image.

We calculated the mean intensity of the red, green, and blue channel images from twenty-two
different eyes with orthogonal-polarization control and our demonstrated parallel-polarization
control. Then the green and blue channel mean intensities were normalized by the mean intensity
of the red channel. The results are shown in the box plot in Fig. 4.
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Fig. 4. The normalized mean intensities of green and blue channels with orthogonal-
polarization and parallel polarization controls.

In Fig. 4, the normalized mean intensity of the green channel image is much lower for
images taken with orthogonal-polarization control. Since green light preserves more polarization
maintaining photons reflected predominantly from the superficial layer of the retina, orthogonal-
polarization control rejects it more severely than red light. Therefore, the ratio of green channel
intensity with the red channel intensity (we call it normalized green channel intensity) is low.
With parallel-polarization control, the mean intensity of the red and the green channel images
are similar, so the normalized mean intensity of the green channel is close to 1. The increase in
the normalized mean intensity is due the acceptance of polarization maintaining photons in our
prototype. The blue light is strongly absorbed by the ocular lens and retinal photopigments, and
mostly the optic nerve head and regions close to it can be seen in the blue channel image. As the
optic nerve head also depolarizes incoming light, the normalized mean intensity of blue channel
stayed similar with orthogonal and parallel-polarization controls.

To quantitatively evaluate the image contrast enhancement, the sharpness and noise of the
images taken with both configurations were analyzed and the results are presented in Table 1.
The sharpness and noise were estimated by the gradient method [24] and fast noise variance
estimation method [25,26] respectively. The sharpness and the noise score vary significantly
based on the pigmentation level of the subject. To ensure a fair comparison, for each image pair,
the sharpness and noise scores for the parallel-polarization control image were divided by the
scores measured from the orthogonal-polarization control image. We call them the normalized
sharpness and normalized noise index respectively.

From Table 1, it is observed that the sharpness of grayscale and green channel image is
significantly better for the system with parallel-polarization control while the noise is reduced.
The sharpness and noise performance for the red and blue channels also improved, although not
significantly. However, the claim of increasing the structural details could not be validated with
these metrics and will be proven in the subsequent sections.
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Table 1. Image Sharpness and Noise Measurement?

Normalized Sharpness Index Normalized Noise Index
Grayscale Red Green Blue Grayscale Red Green Blue
Channel Channel Channel Channel Channel Channel

p=1118, | p=1.068, | u=1424, | u=1.056, | u=0877, | u=0913, | p=0.715 | p=0.863,
6=0.093 | 0=010 | 0=00153 | 6=0.063 | ¢=0071 | ¢=0091 | 6=0.027 | 6=0.093

‘1 =mean, o = standard deviation

Figure 5 illustrates the effectiveness of parallel-polarization control to detect biomarkers
related to retinal diseases. Figure 5(a) shows an image of the retina of a DR patient taken
with parallel-polarization control and Fig. 5(b) shows the image of the same patient with
orthogonal-polarization control. From visual observation, it could be said that the image taken
with parallel-polarization control has more green channel information, and thus provides more
detailed information about the retina. To further investigate this, one rectangular region in the
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Fig. 5. (a) Image of the retina of a DR patient taken with parallel-polarization control. (b)
Image of the same retina taken with orthogonal-polarization control. (c) The comparative
line profiles of the regions along the red line in Fig. 5(a) and Fig. 5(b). (d1) Enlarged image
of the region marked with blue rectangle in Fig. 5(a). (d2) Hot colormap of the region
marked with blue rectangle in Fig. 5(a). (el) Enlarged image of the region marked with
blue rectangle in Fig. 5(b). (e2) Hot colormap of the region marked with blue rectangle in
Fig. 5(b). (f1) Enlarged image of the region marked with yellow rectangle in Fig. 5(a). (f2)
Hot colormap of the region marked with yellow rectangle in Fig. 5(a). (g1) Enlarged image
of the region marked with yellow rectangle in Fig. 5(b). (g2) Hot colormap of the region
marked with yellow rectangle in Fig. 5(b).
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Fig. 6. (2) HDR fundus image of a patient diagnosed with ocular histoplasmosis syndrome
taken with parallel-polarization control. (b) HDR fundus image of the same eye taken with
orthogonal-polarization control. (c) Hot colormaps of grayscale(c1), green channel (c2), and
red channel (c3) of the region marked in yellow in Fig. 6(a). (d) Hot colormaps of grayscale
(d1), green channel (d2), and red channel (d3) of the region marked in yellow in Fig. 6(b).

peripheral retina (marked by the blue rectangles), one rectangular region in the central retina
(marked by the yellow rectangles), and a region along a straight line in the fovea (marked by the
red lines) were selected from both images. Figure 5(d1) and Fig. 5(el) show the enlarged images
of the regions in blue markings, and Fig. 5(f1) and Fig. 5(gl) illustrate the enlarged images of
the regions with yellow markings. As the selected regions in the two images are different in
brightness and tone, the corresponding hot colormaps of those regions were further illustrated
in Fig. 5(d2-g2). The colormap negates the other factors and primarily shows the difference in
contrast. The comparative line profile of the region along the red straight line is illustrated in
Fig. 5(c).

As it is visible from the enlarged images in Fig. 5(d1) and Fig. 5(el) and hot colormaps in
Fig. 5(d2) and Fig. 5(e2), the image taken with parallel-polarization control significantly shows
a greater number of exudates (marked with black arrows) with better image contrast. We can
also see similar results in Fig. 5(f2) and Fig. 5(g2), where a larger number of microaneurysms
(marked with green arrows) can be detected in the image taken with parallel-polarization control.
The comparative line profiles of the foveal hard exudates (Fig. 5(c)) show that the parallel-
polarization image depicts four distinct peaks of four exudates, whereas the peaks are lumped in
the orthogonal-polarization image. This further elucidates the enhancement of contrast by the
proposed method.

HDR imaging of the retina, coupled with orthogonal-polarization control has been demonstrated
to enhance the image contrast and information content [10]. To explore HDR imaging with
the proposed parallel-polarization control, we followed the procedure of HDR fundus imaging
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Fig. 7. (a) Image of the retina of a DR patient taken with parallel-polarization control. (b)
Image of the same eye taken with orthogonal-polarization control. (c) Image of the same
eye taken with Volk Pictor Plus. (d1) Enlarged image of the region marked with yellow
rectangle in Fig. 7(a). (d2) Enlarged image of the region marked with yellow rectangle in
Fig. 7(b). (d3) Enlarged image of the region marked with yellow rectangle in Fig. 7(c). (el)
Enlarged image of the region marked with black rectangle in Fig. 7(a). (e2) Enlarged image
of the region marked with black rectangle in Fig. 7(b). (e3) Enlarged image of the region
marked with black rectangle in Fig. 7(c). (f1) Enlarged image of the region marked with
blue rectangle in Fig. 7(a). (f2) Enlarged image of the region marked with blue rectangle in
Fig. 7(b). (f3) Enlarged image of the region marked with blue rectangle in Fig. 7(c).

Biomedical Optics EXPRESS

(outlined in section 2.3) with both parallel and orthogonal-polarization controls. Figure 6(a) and
Fig. 6(b) illustrate two HDR images taken with parallel and orthogonal-polarization controls
respectively, of a patient diagnosed with ocular histoplasmosis syndrome.

From visual inspection, it is apparent that the parallel-polarization control preserves the histo
spots (white dots) which are scattered throughout the retina. With orthogonal-polarization
control, a few of those histo spots could barely be identified. Furthermore, we selected a region
(marked with yellow squares) with a few histo spots not far from the optic nerve head in both
images. Figure 6 (c) and Fig. 6(d) show the hot colormap of the grayscale, the green channel,
and the red channel images of the selected region taken with parallel and orthogonal-polarization
controls to illustrate the contrast enhancement. The blue channel is excluded in this analysis
since the information content is poor in both images for the reasons mentioned before. The
histo spots are observed to be significantly more resolved (marked with green circles) in the
images with parallel-polarization control. The green channel of the parallel-polarization image
shows the best contrast illustrated by the hot colormap. The grayscale and red channel of the
parallel-polarization image also show better contrast compared to their counterparts.
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Figure 7 illustrates comparative images taken with a commercial portable fundus camera Pictor
Plus (Volk, Mentor, OH, USA), the orthogonal-polarization system and our proposed parallel
polarization system. Three regions of the retina were selected for observation (yellow, black, and
blue squares in Fig. 7). Figure 7 (d1) shows clear nerve fiber structures of the retina, which is
not visible in Fig. 7(d2) and Fig. 7(d3). Similarly, the microaneurysms present in the sections
highlighted with the black and blue squares have visibly better contrast in the parallel-polarization
image (Fig. 7 (el) and Fig. 7 (f1)). The orthogonal-polarization image also shows the aneurysms,
but with compromised contrast (Fig. 7 (e2) and Fig. 7 (f2)). For the commercial device, the
aneurysms are barely recognizable (Fig. 7 (e3) and Fig. 7 (f3)). This comparison proves that
the preservation of polarization maintaining photons in turn conserves critical information of
the retina, which is otherwise lost in orthogonal polarization based commercial portable fundus
cameras.

4. Discussion

In summary, we have demonstrated a fundus camera that rejects polarization maintaining back-
reflected light from the ophthalmic lens with orthogonal polarization control yet accepts the
polarization maintaining light reflected from the retina with parallel polarization control. With
the use of miniaturized indirect illumination, a wide FOV of 101° eye-angle (67° visual-angle)
was achieved, in addition to superior image contrast than conventional portable fundus systems
with orthogonal-polarization control. Adopting the HDR imaging protocol can further increase
the image contrast of the retina and give clinicians a comprehensive tool to detect and diagnose
retinal diseases.

The retina is a layered media of different cell types superimposed onto each other with
different scattering coefficients and refractive indexes of individual layers [27]. When polarized
light passes through the retina, the retinal layers start to depolarize the light. However, the
depolarization effect is slight for the inner retina before the RPE-BM complex. The light reflected
and backscattered from RPE and choroid are almost completely depolarized [28]. This applies to
the light of all wavelengths. Yet, for shorter wavelengths, namely the green and blue light, mostly
the directly reflected and singly scattered photons return to the imaging system. The multiply
scattered photons that pass within the retina and go into the deeper layers are absorbed strongly
by the melanin and choroidal pigments [13]. As the depolarized light in the shorter wavelength
is efficiently absorbed inside the retina, a significant portion of the short wavelength light coming
back to the imaging system at least partially maintains the original polarization state. Since the
absorption is weaker for longer wavelengths, the portion of light in red wavelength returning
back to the imaging path that maintains its input polarization property is lower [13].

The light reflected or scattered back from the retina is a superimposition of several subretinal
components [12,29]. Yet, multiple studies found the existence of a particular layer that reflects
light almost specularly. Whale et. al. [14] hypothesized Bruch’s membrane to be the reflecting
layer, whereas, Millodot et. al. [30] proposed it to be somewhere near the OS of the photoreceptors.
Van de Kraats et. al [12] pinpointed the OS layer of the photoreceptors to be the specularly
reflecting layer, and the anterior layers to this layer are responsible for the diffusely reflected light
which also maintains the polarization partially. The layer posterior to the OS layer, primarily
the RPE-choroid complex and the sclera is responsible for the depolarized light [12]. As retinal
disease biomarkers, such as microaneurysms, cotton wool spots, exudates etc. reside in the
retinal layers anterior to the OS layer [31-33], preserving the polarization maintaining light from
the retina would significantly improve the detection of these biomarkers. By introducing the
quarter waveplate between the ophthalmic lens and the eye lens, in addition to the depolarized
light from the RPE-choroid complex and the sclera, the polarization maintaining photons from
the OS layer are preserved, thus covering all major reflectors inside the eye.
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Polarized light has been used for selectively enhancing superficial layer image of turbid
tissues [34]. Polarization-preserving surface reflection from the air-tissue interface is one of the
artifacts found in this technique. Using methods such as the usage of optically flat plate with
index matching fluid and polarization gating with elliptically polarized light is used to reduce
the reflection from the surface [34-36]. However, for retinal imaging, the surface reflection
from the inner limiting membrane (ILM)-vitreous humor interface is insignificant compared to
the reflection from the OS, choroid and sclera [20,21]. The reason could be attributed to the
insignificant difference between the refractive index of ILM and vitreous humor [37], and the
transparent nature of the inner retina. Nevertheless, significant amount of surface reflection can
come into the imaging system from the air-cornea interface and the lens-aqueous humor interface.
The usage of para-axial illumination combined with proper buffer between the illumination and
imaging window helps preventing the stray light from those abovementioned surfaces entering the
system. An interesting property of circularly polarized light is that it can probe significantly more
into scattering tissues without losing its polarization property compared to linearly polarized light
when the scattering particles are bigger than the light wavelength [23], which is true for retinal
imaging. As the illumination light becomes circularly polarized after passing the waveplate in
our system, the depolarization effect in the retina should be even less significant compared to
linearly polarized light. Moreover, given variable orientations of the neural axons and dendrites
in the retina, the depolarization effect can be locally different due to the angular complications
between the polarization direction of a linearly polarized illumination and the local structures,
such as retinal nerve fibers. With circularly polarized light illumination and detection, the effect
of orientational dependence of neural axons and dendrites can be minimized [38], and thus
increasing the image homogeneity of polarization-controlled fundus photography.

Orthogonal-polarization imaging is a popular technique for tissue imaging, as it facilitates
imaging of deeper structures by partially rejecting reflected light from the superficial layers.
However, for retinal disease detection, both the superficial retinal layer information and the
information from deeper layers are important. We have demonstrated that the proposed system
enhances the structural information of the retina significantly (Fig. 5-Fig. 7). Due to the highly
scattering nature of the choroid and the sclera, the light reaching these layers is depolarized, and it
could be assumed that the intensity of light in each polarization state is equal. Therefore, regardless
of the orientation of the polarizer in front of the camera, the choroidal information is similar in
nature, meaning the structural information of the choroid imaged by the parallel-polarization
system and orthogonal-polarization systems are comparable. For parallel-polarization control,
the enhanced retinal layer information might overlay the choroidal layer information in the color
image, making it seem less clear. However, the choroidal layer information could be separated
simply by separating the color channels of the image as the longer wavelength lights mostly have
the information of the choroidal layer.

Trans-pars-planar and trans-palpebral illumination in fundus imaging can provide wide FOV
retinal images in a cost-effective manner [39-43]. The oblique illumination also means that the
image is primarily constructed by light scattered from the retina as the reflected light doesn’t
reach the imaging path. Therefore, this oblique illumination path could provide some valuable
complementary information if it’s combined with the proposed system. However, the illumination
light must pass through complex skin and scleral tissues before it reaches the retina, which makes
the imaging efficiency directly affected by the illumination location, light wavelength, and subject
pigmentation [44]. Further research on the polarization property of these oblique illumination
techniques is required before they could be used for polarization-controlled fundus photography.

5. Conclusion

We have demonstrated a portable, non-mydriatic, widefield fundus camera that simultaneously
has orthogonal-polarization control to reject back reflected light from the ophthalmic lens and
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parallel-polarization control to preserve polarization maintaining light reflected from the retina.
A FOV of 101° eye-angle (67° visual angle) is achieved with the help of miniaturized indirect
illumination. Comparative imaging with a conventional orthogonal-polarization setup revealed
the superior image quality of our proposed design. This portable, high-contrast fundus camera
can potentially provide clinicians in rural and under-deserved areas an opportunity to acquire
high-quality fundus images with a wide FOV in a cost-effective manner, which will be essential
for telemedicine programs in ophthalmology.
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